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Abstract
The production, collection and deceleration of antiprotons is reviewed with the aim
of establishing guidelines for the design of a simple yet ecient source of stopped
antiprotons. A high-energy (20{100 GeV) high-intensity ( 1013 protons/pulse)
proton accelerator is needed to produce antiprotons in copious numbers. A ‘passive’
conversion-target consisting of a thin iridium rod embedded in graphite, and a
magnetic-horn type lens to collect the antiproton flux from the target represent a
good compromise between yield and reliability. To transport the flux to low energy
a large-acceptance cooling and deceleration ring working up to an energy equal
to one-eighth to one-tenth of the primary proton energy is required. Stochastic
cooling (at high energy) and electron cooling (at lower energy) are indispensable
for providing low-energy beams of useful density.
1 Introduction
Since we live in a world made of matter the production of antiparticles requires
certain eorts. The usual way [1{4] to create antiprotons is to shoot a high-intensity
proton beam onto a conversion target and to collect the resulting antiproton flux in a
large-acceptance beam channel. This is the ‘beam-target method’ used at the two existing
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‘antiproton factories’ at Fermilab and CERN as well as in other laboratories (Brookhaven,
Serpukhov ...) which provide antiproton beams.
More exotic schemes have been proposed [4{6] but they do not seem very promising
for the production | in a simple way | of antiproton beams for storage and antihydrogen
synthesis in traps. In the present note we discuss the beam-target method as a simple
source of low-energy antiprotons.
2 Targeting
A high-intensity proton accelerator with an energy suciently far above the thresh-
old (
> 6 GeV) for antiproton production is required to produce antiprotons in useful
numbers. The target is a thin (about 3 mm diameter) rod of heavy material, iridium or
tungsten. Ideally it should be long compared with the collision length (Lcoll) so that most
protons interact, and short compared with the absorption distance (Labs) so that most of
the antiprotons leave the target. For the materials in question Lcoll  Labs  5 cm and
the optimum target length is Lt  Lcoll  Labs.
There is a strong incentive to keep the six-dimensional phase-space density small,
so that a maximum number can be collected into the subsequent beam channel. The
transverse momentum spread (p?  x0) is determined by the production process and
therefore it is important to keep the transverse dimension of the incident proton beam
(which xes the size of the antiproton beam spot) as small as possible in order to obtain
small emittance ( = x0x) for the antiproton beam. Tiny size is obtained by small
emittance of the primary beam and strong lenses which provide a sharp focus at the
target. It is dicult to adapt the optics for both the primary and the secondary beam
to small spot-size ( 1 mm r.m.s.) over the whole length of the target. This problem is
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alleviated by a heavy target material which has a short length (Lt  Lcoll), and this is
the reason for the choice of tungsten or iridium which has a better stability than tungsten
under the shock waves induced by the temperature rise due to the incident beam.
Matching of the small-emittance proton beam is achieved | at least in the CERN
Antiproton Collector (AC) | by normal quadrupoles which provide a focusing function
(target  Lt) smaller than or equal to the length and thus a tight focus over the extent
of the target.
To capture a large fraction of the antiprotons, special ‘collector lenses’ are needed.
Focusing in both transverse planes is desirable and then | according to Maxwell’s equa-
tions | a current flow in regions where the antiprotons move, is necessary. This is achieved
by plasma lenses, lithium lenses, or by a ‘magnetic horn’. Experience has shown [7] that
the horn is more robust and easier to repair or to exchange in the highly activated target
area. However there is a 20{40% penalty in yield. For the sake of reducing the complexity
of the target area we prefer the horn for a low-energy antiproton facility. For similar rea-
sons we also exclude ‘active’ i.e. current-carrying targets although they hold the promise
of a somewhat increased yield.
A drawing of the water-cooled target container used in the CERN AC with the
3 mm diameter, 55 mm long iridium target embedded in graphite and the subsequent
magnetic horn is shown in Fig. 1. The horn consists of a thin-wall (1 mm) aluminium
sheet. It carries a pulsed current (about 400 kA) to create an azimuthal magnetic eld
in the region between the electrode and the wall of the container but no eld in the
inner region. Antiprotons entering at an angle penetrate the thin electrode which is ‘horn’
shaped in such a way that ideally a parallel beam results at the exit.
The longitudinal emittance (L = E t) is given by the energy spread (E) and
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the duration (t) of the antiproton bunch. Like ; L is also determined by the production
process (E) and by the property (tprimary = tsecondary = t) of the production beam.
Hence it is advantageous to bunch the protons as tightly as feasible. In the collector ring
the resulting short antiproton batch is then debunched by a ‘bunch-rotating RF system’
to obtain an almost continuous coasting beam of a smaller momentum spread which can
subsequently be processed by stochastic cooling.
A limit on the incident proton intensity is set by the temperature excursion in the
target which should not exceed  1500C [4], or else shock waves will destroy the target.
For an r.m.s. beam radius of 1 mm this limits the production pulse to  6 1014 protons
 GeV (i.e. 2.5 1013 protons at 26 GeV or 5  1012 protons at 120 GeV).
3 Yield from 26 GeV protons
The yield from 26 GeV/c primary protons as a function of the antiproton collection
momentum is sketched in Fig. 2. A normalization is chosen such that the maximum (at
about 4 GeV/c antiproton momentum) is 1. Note that the yield decreases steeply with
antiproton momentum; for collection around 100 MeV/c it is 9 orders of magnitude lower
than the maximum. There is no doubt then that it is important to catch the antiprotons
near the optimum momentum. For this reason the AC works at 3.5 GeV/c. With the
magnetic horn, the yield into the acceptances of the AC (Eh = Ev = 200 mm mrad,
p=p = 6%) is 3.5  10−6 p=p, i.e. 5  107 antiprotons for a production beam of about
1.5 1013 p=pulse.
It is interesting to consider dierent scenarios for transporting this flux to low energy.










motivated by the observation that the yield from the target is proportional to the solid
angle accepted which in turn is determined by
p
EhEv of the antiproton beam. The
quantity L is the total length of the bunches, L = 2R = circumference for a coasting
beam. The comparison between dierent cases is detailed in Table 1 and illustrated in
Fig. 3.
If the beam collected at 3.5 GeV/c is debunched and then decelerated to 0.1 GeV/c
without any cooling (scenario I), the adiabatic increase of Eh; Ev and p=p reduces the
density D by 352  1000. This is an improvement compared to the situation where | in
the absence of a decelerator | 0.1 GeV/c particles are directly taken from the target but
the density is still much too low to be of interest for a catching trap.
Next (scenario II) consider stochastic cooling of the coasting beam at 3.5 GeV/c
to Eh = Ev = 5 mm mrad and p=p = 10−3 as done in the AC at present. Then after
deceleration to 0.1 GeV | without further cooling | the emittances and the momentum
spread become comparable to the acceptance of the AC. In other words, deceleration with-
out too much loss might become possible, especially if the large acceptance at 3.5 GeV/c
could be maintained down to 0.1 GeV/c. However, even these emittances (especially the
L and p=p-components) seem much too large for trap lling (see Section 4 below).
Thus nally we consider the scheme proposed for the Antiproton Decelerator (AD)
[8] where stochastic cooling at 3.5 and 2 GeV/c and electron cooling at 0.3 and 0.1 GeV/c
are planned. Then at 0.1 GeV/c the nal density is more than 5 orders of magnitude higher
than with cooling at top energy only (scenario II) and 9 orders higher than without any
cooling (scenario I). This illustrates the importance of cooling, especially at 3.5 and at
0.1 GeV/c for loss-free deceleration and high density of the low-energy beam. We note
in passing that the dierence is even more pronounced if we take the usual phase-space
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density N=(EhEvLp=p) as a basis for the comparison.
4 The importance of phase-space density for trapping
To proceed further in the comparison we assume parameters of a ‘typical’ particle
trap as given in Table 2. In Table 3 we transpose the phase-space characteristics of the
0.1 GeV/c beam (Table 1) of scenarios I and II to the trapping energy of 6 keV. Again only
the adiabatic emittance increase is taken into account assuming ideal ‘post-deceleration’
from 0.1 GeV/c to 6 keV e.g. by a perfect linear decelerator with Rf-quadrupole focussing
(RFQ). Thus, we choose E and t (rather than p and L) as longitudinal invariants
noting that the linear (rather than the circular) post-decelerator keeps the duration t
of the pulse constant.
One concludes from Table 3 that in scenario II (cooling only at top energy) | even
under the idealized conditions assumed | the longitudinal emittance alone is
1.7  103 bigger than the trap acceptance. Hence only a tiny fraction (< 6  10−4)
of the antiprotons would be trapped. With cooling at 0.1 GeV/c this fraction can be
ideally close to 1. We conclude that cooling at low energy is indispensable for trapping
antiprotons with good eciency.
5 Antiproton yield versus energy of the production beam
Figure 4, obtained by interpolation of various measured and calculated data [2{4],
gives the optimum cross-section for antiproton production as a function of the energy
of the primary proton beam. One notes that this cross-section increases steeply before
leveling o at energies above say 500 GeV. Thus to maximize antiproton production, it
would seem advantageous to employ the highest proton accelerator available. At CERN
the use of the 400 GeV/c SPS instead of the 26 GeV/c PS has been repeatedly discussed.
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There are, however, several factors which tend to dampen the quest for high primary
energy: higher energy is obviously more expensive. In addition the intensity and the
density of the primary beam which enter into the yield are more dicult to provide.
Further, the optimum antiproton energy goes up (roughly linearly) with the primary
energy, Fig. 5. Hence a higher energy collector-ring is needed to prot from the increased
production cross-section. But then the large acceptance, needed for ecient collection, is
more dicult to provide. Similar arguments hold for the cooling of the antiproton beam.
Last but not least there is the problem of target heating | already mentioned in Section 2
| which limits the intensity of the production pulse inversely proportional to the proton
energy.
The interplay of these factors is illustrated by Table 4 where parameters pertaining
to antiproton yield in the CERN and the Fermilab antiproton source are compiled. Note
that although the proton energies, 26 and 120 GeV respectively, dier by 4.6 the yield is
virtually the same. More details concerning the design and the performance (as of 1993)
of these antiproton sources can be found in [9].
We are led to the conclusion that a broad optimum for the primary energy exists in
the region of 20{200 GeV. The higher energies are perhaps slightly preferable for collider
applications where the number of antiprotons plays an important role and the lower ones
for physics with low-energy antiprotons where the beam density is a preponderant factor.
6 Conclusions
To provide dense and intense antiproton beams of low momentum (100 MeV/c) one
needs: a high-energy high-intensity proton synchrotron (E > 20 GeV), a large acceptance
antiproton ‘collector’ ring (E > 3 GeV), cooling and deceleration to bring the antiproton
7
flux down to low momentum, and further cooling to provide highest brightness at low
momentum.
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Figure captions
Fig.1: Target and magnetic horn assembly. The target is a 55 mm long 3 mm diameter
iridium rod embedded in graphite. A pulse current of 400 kA is fed into the horn-shaped
electrode at the downstream end and creates an azimuthal magnetic eld in the region
between the horn and the wall of the container.
Fig. 2: The yield (Np=Np) of antiprotons from 26 GeV/c protons as a function of the
antiproton momentum. A normalization is chosen such that the maximum yield at about
4 GeV=c is 1. The true yield depends on the collection system and the acceptances of
the antiproton channel. In the AC the measured yield at 3.5 GeV/c with the collection
system of Fig. 1 is  3:5 10−6.





) for dierent scenarios. 0: the beam is
taken directly from the target; I: the beam is decelerated in a synchrotron; II: the beam
is cooled at 3.5 GeV/c prior to deceleration; III: proposal for the AD: the beam is cooled
at 3.5, 2, 0.3 and 0.1 GeV/c. The dierence in phase-space density between 0 and III at
0.1 GeV/c is  1013.
Fig. 4: Dierential cross-section d2Np=NpdΩdp. Maximum as a function of primary pro-
ton momentum. The antiproton momentum corresponding to the maximum is given in
Fig. 5.
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